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The mechanisms that regulate cell fate within the pronephros are poorly understood but are important for the subsequent
development of the urogenital system and show many similarities to nephrogenesis in the definitive kidney. Dynamic
expression of Notch-1, Serrate-1, and Delta-1 in the developing Xenopus pronephros suggests a role for this pathway in cell
ate segregation. Misactivation of Notch signaling using conditionally active forms of either Notch-1 or RBP-J/Su(H)
roteins prevented normal duct formation and the proper expression of genetic markers of duct cell differentiation.
nhibition of endogenous Notch signaling elicited the opposite effect. Taken together with the mRNA expression patterns,
hese data suggest that endogenous Notch signaling functions to inhibit duct differentiation in the dorsoanterior region of
he anlage where cells are normally fated to form tubules. In addition, elevated Notch signaling in the pronephric anlage
oth perturbed the characteristic pattern of the differentiated tubule network and increased the expression of early markers
f pronephric precursor cells, Pax-2 and Wilms’ tumor suppressor gene (Wt-1). We propose that Notch signaling plays a
reviously unrecognized role in the early selection of duct and tubule cell fates as well as functioning subsequently to
ontrol tubule cell patterning and development. © 2000 Academic Press
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nINTRODUCTION
The majority of experiments examining kidney induction
in recent years have focused on the condensation of meta-
nephric mesenchyme in response to the invading ureteric
bud and have revealed important information about the
reciprocal interactions that underlie condensation of mes-
enchyme into epithelial tubules (Saxe´n, 1987). However,
the processes that establish cell fates within the developing
kidney anlage remain largely unclear since many of the
initial patterning events required for kidney organogenesis
have already occurred prior to the time when the ureteric
bud invades the metanephric mesenchyme. The relatively
simple organization of the early kidney, the pronephros,
compared to the definitive metanephros of higher verte-
brates, makes the amphibian embryo an excellent system in
which to study such early molecular mechanisms. Al-
though the pronephros is vestigial in amniotes, it filters
wastes and regulates water balance in species whose em-
1 To whom correspondence should be addressed. Fax: (617) 975-
0538 (direct), (617) 432-1144 (department). E-mail: mmercola@hms.mharvard.edu.
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All rights of reproduction in any form reserved.ryos develop in aquatic environments. Moreover, it is an
xcellent system in which to investigate kidney morpho-
enesis as it contains all three components of a functional
ephron: the glomus, the pronephric tubules, and the pro-
ephric duct (Nieuwkoop and Faber, 1994). The glomus, a
ingle vascularized structure, filters fluids from the blood
nto the coelomic cavity (see schematic of pronephros, Fig.
A). Fluid is then taken up from the coelom by the proneph-
ic tubules where the majority of water, salts, and carbohy-
rates are reabsorbed across the epithelium and returned to
he bloodstream. Remaining wastes and excess water pass
hrough the pronephric duct to be excreted via the cloaca.
The pronephric, mesonephric, and metanephric kidneys
evelop within the intermediate mesoderm following a
recise temporal and spatial sequence, with each kidney
eing formed as a result of an inductive interaction with the
revious form (Saxe´n, 1987; Vize et al., 1997a). In particular,
he formation of the pronephric duct is essential for subse-
uent kidney development. Elongating duct epithelium
nteracts with undifferentiated nephrogenic mesenchyme
o initiate an anterior to posterior wave of differentiation
ecessary for the successive appearance of the pronephros,
esonephros, and metanephros (Saxe´n, 1987; Herzlinger,
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568 McLaughlin, Rones, and Mercola1995). Thus, when pronephric duct elongation is prevented
experimentally, mesonephric and metanephric nephrons
are unable to form. Despite the importance of the proneph-
ric duct for urogenital development, the molecular and
cellular interactions regulating its formation remain poorly
understood. The pronephric duct is derived from the ven-
troposterior region of the early kidney field, which forms by
condensation of a segment of intermediate mesoderm lo-
cated in Xenopus adjacent to somites 5–7 (Nieuwkoop and
Faber, 1994; Vize et al., 1997b). Once specified, the pro-
nephric duct anlage undergoes epithelialization and begins
to extend posteriorly along the ventral border of the
somites. Injected lineage tracers (Lynch and Fraser, 1990)
and vital dye staining (O’Connor, 1938) have demonstrated
that cells that migrate posteriorly out of the original kidney
field form the majority of the duct. Recently, numerous
studies have identified genes which are required for normal
kidney development, including Wt-1 (Kreidberg et al.,
1993), Lim-1 (Shawlot and Behringer, 1995), c-ret (Schu-
hardt et al., 1994), and Pax-2 (Rothenpieler and Dressler,
993). Importantly, both the expression patterns and the
unctions of many genes that characterize metanephric
evelopment appear to be conserved in the pronephros
Carroll and Vize, 1996; Heller and Brandli, 1997; Carroll et
l., 1999a,b).
Various members of the Notch signaling pathway are
xpressed in the developing excretory system in both inver-
ebrates and vertebrates. Notch signaling comprises an
volutionarily conserved mechanism to control cell fates
hrough local cell–cell interactions in a broad spectrum of
issues and organisms (ranging from worms/flies to hu-
ans). The transmembrane Notch proteins recognize
embrane-bound ligands that are members of the Delta or
errate family. Upon activation by ligand binding, the
ytoplasmic domain of the Notch receptor (NotchICD) is
leaved and enters the nucleus where it functions together
ith the RBP-J/Suppressor of Hairless [Su(H)] transcription
actor in order to regulate the expression of downstream
enes (Weinmaster, 1997, 1998; Artavanis-Tsakonas et al.,
999). Recently, studies examining the development of the
xcretory system (the Malpighian tubules) in Drosophila
ave shown that signaling through Notch is necessary to
stablish the fate of sibling cells in the developing tubules
Wan et al., 2000). Additionally, many of the Notch signal-
ng components have been observed in developing kidneys
f different vertebrates, including Delta-1 in mice (Beckers
et al., 1999) and in Xenopus (Brandli, 1999), c-Serrate-1 and
c-Notch-1 in chick (Myat et al., 1996), and a hairy/enhancer
of split bHLH family member, hesr-1, in mice (Kokubo et
al., 1999). Although these data suggest a conserved nephro-
genic function for Notch, little is known about the cell fate
choices it might regulate.
We show that Delta-1, Serrate-1, and Notch-1 have dy-
namic spatial and temporal patterns of expression sugges-
tive of a role for Notch signaling during Xenopus pronephric
development. An inducible activated or dominant negative
form of a downstream-regulator of Notch signaling, Su(H),
Copyright © 2000 by Academic Press. All rightor an inducible activated NotchICD was targeted to the
developing pronephros to manipulate signaling through the
Notch pathway. Each of the tissue types of the developing
pronephros (glomus, tubules, and duct) was affected. The
most striking perturbations were observed in the proneph-
ric duct and we conclude that Notch controls directly the
expression of duct-specific genes and differentiation. In
addition, Notch activity appears to affect tubule organiza-
tion and glomus morphogenesis. Finally, modulation of
Notch signaling affects the expression of its ligands, Delta-1
and Serrate-1, suggesting that a feedback loop exists within
the pronephric anlage. Such a loop may account for the
dynamic expression patterns of Notch-1, Serrate-1, and
elta-1 observed during pronephric development. Taken
ogether, these data suggest a new model for patterning the
ronephros in which Notch signaling apportions duct ver-
us tubule fate and might also function later to control
ubule morphogenesis.
MATERIAL AND METHODS
Embryo Culture
Female adult Xenopus laevis were induced to ovulate by injec-
tion of human chorionic gonadotropin and were fertilized in vitro.
Embryos were dejellied in 2% cysteine–HCl (pH 7.4) solution,
washed, and maintained in 0.1% Marc’s modified Ringer’s solution
(MMR). Embryos were reared at 14–22°C and staged according to
Nieuwkoop and Faber (1994).
Microinjection
Capped mRNA was synthesized in vitro using the mMessage
mMachine kit (Ambion). Embryos were injected into one ven-
trovegetal blastomere at the eight-cell stage. cDNAs encoding the
inducible constructs GR-NotchICD, GR-Su(H)VP16, and GR-
Su(H)DBM were provided by Robert Davis (Rones et al., 2000).
Briefly, the GR-Su(H)VP16 construct was made by fusing the
activation domain of VP16 to the carboxyl terminus of Xenopus
Su(H) (Wettstein et al., 1997) and the ligand binding domain of the
human glucocorticoid receptor to the amino terminus. GR-
Su(H)DBM is similar except that it lacks the VP16 activation domain
and the Su(H) coding region contains a mutation in the DNA-
binding domain (Wettstein et al., 1997). NotchICD, which has been
shown previously to activate Notch signaling constitutively, was
made inducible via fusion of GR to the amino terminus. Three
hundred to six hundred picograms of the GR-Su(H) mRNAs, or
500–1000 pg of GR-NotchICD mRNA, was injected along with
50–100 pg of nuclear b-galactosidase mRNA as a lineage tracer.
njected embryos were cultured in 0.13 MMR (uninduced) or 0.13
MR 1 dexamethasone (Sigma) (induced) until they reached the
esired stages. Dexamethasone was added to a final concentration
f 10 mM and changed daily when embryos were cultured longer
han 24 h.
In Situ Hybridization and Probes
Embryos were fixed for 1 h at room temperature in MEMFA (0.1
M Mops, pH 7.4, 2 mM EGTA, 1 mM MgSO4, 3.7% formaldehyde),
s of reproduction in any form reserved.
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569Notch Signaling in the Pronephric Anlagerinsed in PBS 1 2 mM MgCl2, and incubated in staining solution at
7°C for 1–5 h with magenta-gal (pink) in order to detect
b-galactosidase activity. Embryos were then rinsed in PBS, post-
fixed in MEMFA for 2 h, and dehydrated in methanol. For in situ
ybridization, embryos were rehydrated and processed as described
sing digoxigenin-coupled cRNA probes (Harland, 1991). Probes
ncluded Xenopus orthologues of the following genes: Lim-1 (Taira
et al., 1994), Wt-1 (Carroll and Vize, 1996), Pax-2 (Heller and
randli, 1997), c-ret (gift from Peter Vize), Serrate-1 (gift from Chris
intner), Delta-1 (Chitnis et al., 1995), Delta-2 (Jen et al., 1997),
nd Notch-1 (Coffman et al., 1990). Following the alkaline phos-
phatase color reaction of 3–24 h, embryos were postfixed in
MEMFA for at least 2 h and then dehydrated in methanol.
Immunocytochemistry
Embryos were stained for pronephric tubules using either the
monoclonal antibody 3G8 or the pronephric duct antibody 4A6
(Vize et al., 1995) at a 1:2 dilution following standard methods
(Harland, 1991). Antibody expression was detected with a goat
anti-mouse IgG secondary antibody conjugated to alkaline phos-
phatase (Sigma). Following detection, embryos were postfixed in
MEMFA for at least 2 h and dehydrated in methanol.
RESULTS
Dynamic Patterns of Gene Expression of Notch
Pathway Components during Pronephric
Development
The temporal and spatial expression of Xenopus Notch-1,
Delta-1, Delta-2, and Serrate-1 was examined by in situ
hybridization (Figs. 1B and 1C). Delta-2 mRNA was not
etected in the pronephric anlage between stages 19 and 42
data not shown). mRNA expression corresponding to
elta-1 and Notch-1 can first be detected in the region of
he developing pronephric anlage during early tail bud
tages (Figs. 1Ba and 1Bi). The expression pattern of these
enes corresponds to the time the pronephros can be dis-
inguished morphologically as a thickening of the interme-
iate mesoderm ventral to somites 3–5 (Nieuwkoop and
aber, 1994). Slightly later in development, during tail bud
tages, mRNA encoding the second ligand, Serrate-1, is also
bserved in the pronephric mesoderm (Fig. 1Bf). By stages
5–26 the pronephric thickening has extended posteriorly
o somite 6 and is easily visible as a distension beneath the
verlying ectoderm, with the duct precursors lying ventral
nd caudal to the tubule precursors.
During late tail bud to early tadpole stages, the patterns of
elta-1 and Serrate-1 expression become restricted. At
hese stages, Delta-1 expression resembles an eyebrow-
haped band in the dorsoanterior portion of the tubule
nlage (marked by a black arrow in Fig. 1Bc), whereas
errate-1 occupies a cloverleaf pattern in the region of the
eveloping tubules (marked by three black arrowheads in
ig. 1Bg). A lumen forms in the tubules during this period of
evelopment and the individual tubules are visible as
rotrusions on the dorsal side of the pronephric condensa-
ion (stages 30–31). Since the tubules elongate extensively i
Copyright © 2000 by Academic Press. All righturing these stages, it is possible that the restricted domain
f Delta-1 expression demarcates a zone of tubule differen-
iation or alternatively may mark the border between the
eveloping glomus and tubules. Similarly, Serrate-1 is also
estricted to a dorsoanterior portion of the tubule anlage but
esides in a region slightly ventral to Delta-1 expression,
ossibly marking the three tubule primordia. The expres-
ion of Notch-1 is maintained in a pattern overlapping both
igands at late tail bud stages (Fig. 1Bk). While expression of
oth ligand and receptor genes remains strong in the devel-
ping tubules during late tail bud stages, their expression in
he region of the developing duct either has dramatically
eclined or is not detectable at these stages (Figs. 1Bc, 1Bg,
Bk).
Although pronephric expression of Delta-1 is no longer
etectable during tadpole stages (stages 33–34), Notch-1 and
errate-1 expression is maintained in the anterior portion of
he pronephros until late tadpole stages (Figs. 1Bd, 1h, and
l). Serrate-1 is strongly expressed in the coiling tubules as
ell as the anteriormost portion of the duct. The proneph-
ic kidney is fully functional by stages 37–38 and conse-
uently expresses terminal markers of both duct and tubule
ifferentiation (Nieuwkoop and Faber, 1994). The spatially
nd temporally dynamic expression patterns we observed
uring pronephric development are suggestive of a model in
hich Notch activity feeds back on Delta-1 and/or
errate-1 in order to refine their expression and suppress
uct differentiation in the ventroposteriormost region of
he pronephric anlage where the duct anlage is located. This
ossibility is addressed below.
Notch Signaling Regulates Endogenous Delta-1 and
Serrate-1 Expression
Since Notch signaling has been previously shown to
affect numerous early processes during development
(Artavanis-Tsakonas et al., 1995, 1999), we used inducible
orms of the transcription factor Su(H). Expression of acti-
ated Su(H) would be expected to hyper- and misactivate
he Notch signaling pathway while the dominant negative
ersion should inhibit endogenous signaling. Conditional
egulation of these constructs allowed the consequences of
otch signaling to be examined during pronephric develop-
ent at a time when endogenous Notch receptor–ligand
nteractions are predicted to occur without affecting any
arlier developmental steps (i.e., somite or neuronal devel-
pment) which might influence the early formation of the
ronephric field. Activated or dominant negative forms of
he transcription factor, Su(H), were fused in frame to the
uman glucocorticoid receptor ligand binding domain (see
aterials and Methods). Previous studies have employed
his approach in order to maintain transcription factors in
n inactive complex until the glucocorticoid dexametha-
one is added to the culture medium (Kolm and Sive, 1995).
rior work in our lab demonstrated that the activated and
ominant negative Su(H)-inducible constructs mimic or
nhibit Notch signaling (Rones et al., 2000). In each of the
s of reproduction in any form reserved.
570 McLaughlin, Rones, and MercolaFIG. 1. Temporal expression of Notch-1, Delta-1, and Serrate-1 during pronephric development. (A) Schematic of a nonintegrated nephron.
Wastes are filtered from the glomus into the coelom where fluids are swept into the kidney tubules by the thin ciliated funnels
(nephrostomes). Any molecules not resorbed in the pronephric tubules are disposed of via the pronephric duct. (B) Expression patterns of
Delta-1, Serrate-1, and Notch-1 via whole-mount in situ hybridization between stages 21 and 34. Embryos are shown laterally with anterior
to the right and dorsal to the top. The pronephric anlage is located just posterior to the head and ventral to the anterior somites. Note the
dynamic expression patterns of both ligands within the pronephric anlage, as the expression pattern of Notch pathway components
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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571Notch Signaling in the Pronephric Anlagefollowing experiments, sibling embryos injected with either
GR-Su(H)VP16 (activated) or GR-Su(H)DBM (dominant nega-
ive) mRNA were cultured without dexamethasone and
xamined for alterations in gene expression along with the
nduced embryos. These control embryos were affected
nly minimally or not at all (Fig. 4 and data not shown).
oreover, there was no detectable change in gene expres-
ion in uninjected embryos cultured in dexamethasone,
ndicating that the hormone alone has no effect (data not
hown).
In order to assess the possibility that a feedback loop
efines the expression pattern observed for Delta-1 and
errate-1, embryos were injected with mRNA encoding
ither activated or dominant negative versions of Su(H) into
ne ventrovegetal blastomere at the eight-cell stage to
arget expression to the pronephric field. Embryos were
aintained in the absence of dexamethasone until stage 20
hen they were placed in dexamethasone-containing me-
ium (consistent with stages at which endogenous Notch
eceptor and ligand gene expression is observed; Figs. 1B and
C) until fixation (stages 20–42). Figures 2Aa and 2Ab show
hat Delta-1 mRNA expression was either decreased signifi-
antly or eliminated on the GR-Su(H)VP16-injected side of
mbryos compared to the uninjected side. This decrease in
elta-1 expression was observed in 75% (n 5 202) of the
njected, dexamethasone-treated (induced) embryos. In con-
rast, a substantial increase in the expression of Serrate-1
as detected on the GR-Su(H)VP16-injected side of em-
ryos cultured in dexamethasone (63%, n 5 219; Figs. 2Ac
nd 2Ad). Interestingly, GR-Su(H)VP16 caused Serrate-1
xpression to expand over a larger region of the tubule
nlage in addition to extending more posteriorly into the
egion of the duct anlage (Fig. 2Ad, indicated by red and
lack arrows).
Injection of mRNA encoding the dominant negative
R-Su(H)DBM caused the opposite changes in expression of
genes encoding the Notch ligands. Embryos injected with
GR-Su(H)DBM mRNA into one ventrovegetal blastomere
xpressed elevated levels of Delta-1 on the injected side of
he embryo (52%, n 5 87; Figs. 2Ba and 2Bb), while the
xpression of Serrate-1 was decreased (66%, n 5 191; Figs.
Bc and 2Bd). We conclude that activation of Notch signal-
ng oppositely affects Delta-1 and Serrate-1 gene expres-
sion. This suggests that this feedback loop is part of the
process that refines the endogenous patterns of ligand gene
expression.
becomes refined during kidney morphogenesis. Red arrows indica
Serrate-1 (e) expression can be detected at these stages. Black arrow
pronephros. (C) Time-line summary of Delta-1, Serrate-1, and
hybridization. Note that Delta-1 expression is observed in the pron
22–23). Unlike Serrate-1 expression, which continues to be expres
detectable by stages 33–34. The expression of the receptor, Notch-1
continues to be expressed until the pronephric kidneys are fully functi
Copyright © 2000 by Academic Press. All rightActivation or Suppression of Notch Signaling Has
Opposite Effects on Duct Gene Expression
Since the development of the pronephric duct is essential
for the subsequent development of the mesonephros and
metanephros, we asked whether Notch signaling regulates
the expression of duct genes. We examined Lim-1 (Taira et
al., 1994) and c-ret (Carroll et al., 1999a) gene expression as
well as the duct-specific epitope recognized by the 4A6
monoclonal antibody (Vize et al., 1995). These are ex-
pressed at various times during duct formation and are
considered markers of normal duct morphogenesis. Because
the complex process of kidney organogenesis occurs over a
prolonged period of time, it was necessary to confirm that
early markers of pronephric specification were unaffected
in control embryos that had been injected but were not
treated with dexamethasone. Lim-1 transcription is acti-
vated first in the anterior lateral mesoderm during late
gastrulation (stage 13). At early tail bud stages (stages
20–23), its expression demarcates a teardrop in the inter-
mediate mesoderm (extending from somite 3 to 9), making
it one of the earliest molecular markers of nephrogenic
potential (Taira et al., 1994). Shortly after Lim-1 transcripts
can be detected, Pax-8, a paired-type homeodomain factor,
is expressed in the lateral plate as well as in the intermedi-
ate mesoderm where it marks a domain similar to that of
Lim-1 (Heller and Brandli, 1999). Expression of both of these
markers was unaffected in stage 17–20 control embryos
injected with either GR-Su(H)VP16 or GR-Su(H)DBM mRNA,
but not treated with dexamethasone (data not shown),
suggesting that the early pronephric field is established
normally in subsequent experiments in which embryos are
induced at stage 19–20.
We then examined how modulation of Notch signaling
would affect subsequent stages of pronephric development
and morphogenesis. As the pronephric duct develops and
epithelializes, it begins to extend posteriorly from the pro-
nephric anlage toward the cloaca (Lynch and Fraser, 1990).
During later stages of pronephric development, Lim-1 expres-
ion is reduced in the anterior portion of the duct and tubules
except in the nephrostomes), but is maintained in the poste-
ior region of the duct. We also examined c-ret, which encodes
a receptor tyrosine kinase that is strongly expressed in the tip
and posterior region of the elongating pronephric ducts (Car-
roll et al., 1999a). Last, we used the antibody 4A6 in order to
examine terminal differentiation of duct development. 4A6
e region in which the pronephros is located, but no Delta-1 (d) or
rk the position of Delta-1, Serrate-1, or Notch-1 expression in the
ch-1 expression patterns determined by whole-mount in situ
c anlage (stage 19) prior to detection of Serrate-1 expression (stages
ntil tadpole stages, Delta-1 expression decreases and is no longer
etected from the onset of kidney organogenesis (early tail bud) andte th
s ma
Not
ephri
sed u
, is donal (stages 38–39).
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573Notch Signaling in the Pronephric Anlagestaining normally appears solid in the anteriormost region of
the duct ventral to the coiled pronephric tubules and displays
a speckled pattern more posteriorly (Vize et al., 1995). As
shown in Figs. 3B, 3F, and 3J (and summarized in Fig. 4),
injection of GR-Su(H)VP16 decreased severely or eliminated
completely expression of all three of these duct markers. This
effect was observed in 73–88% of injected embryos treated
with dexamethasone at stages 19–20. Since it is possible that
a decrease in markers of the pronephric duct could occur as a
result of the apoptotic elimination of pronephric duct cells,
TUNEL analysis was used to detect fragmented chromatin in
injected embryos. No changes in the pattern of apoptotic
cells was observed in GR-Su(H)VP16-injected, dexame-
thasone-treated embryos (data not shown). This result argues
against the possibility that apoptotic elimination of duct cells
caused the decrease in marker expression, a finding which is
supported by prior experiments demonstrating that the acti-
vation of Notch signaling can protect cells from programmed
cell death (Jehn et al., 1999; Shelly et al., 1999).
In striking contrast to the effects observed from the
activation of Notch signaling in the pronephros described
above, the suppression of endogenous Notch signaling el-
evated expression of duct markers (Figs. 3D, 3H, and 3L;
summarized in Fig. 4). This increase in expression of
molecular markers of the duct was most clearly seen by
4A6 staining (Figs. 3G and 3H). A robust thickening of
4A6-positive cells is apparent on the GR-Su(H)DBM-injected
side of the embryos, in contrast to the normally speckled
pattern in the posterior region of the duct.
We also examined the cellular progeny of injected blas-
tomeres in order to determine if alterations in Notch signaling
would change the ability of a cell to contribute to the devel-
oping duct. In order to examine the progeny of the injected
cells and examine their subsequent location in the embryo,
b-galactosidase mRNA was co-injected in all of the experi-
ments as a lineage tracer. GR-Su(H)DBM injection increased the
number of b-galactosidase-positive cells in the developing
duct on the injected side of embryos (Figs. 3D, 3H, 3L, and 5B),
suggesting that suppression of Notch recruits or enables cells
to contribute to the duct lineage. This effect was observed
only in injected embryos cultured in dexamethasone. Consis-
tent with this hypothesis, misactivation of Notch signaling by
GR-Su(H)VP16 inhibited the ability of b-galactosidase-
positive cells to contribute to the pronephric duct. The marker
expression and lineage data together suggest that endogenous
activation of Notch signaling suppresses duct cell fate after
the establishment of the pronephric field, whereas the absence
of a Notch signal permits duct differentiation.
Loss of Endogenous Notch Signaling Results in
Tubule Disorganization and Increased Expression
of a Glomal Marker
Since the pronephric anlage contains precursor cells for
tubules as well as duct, we next examined if Notch signal-
ing affects expression of Pax-2 (Heller and Brandli, 1997)
and the epitope recognized by the monoclonal antibody
Copyright © 2000 by Academic Press. All rightG8 (Vize et al., 1995) as molecular markers of the devel-
ping tubules. In Xenopus, Pax-2 is expressed in both the
eveloping pronephric tubules and the duct as tubulogen-
sis begins. As the tubules continue to develop, Pax-2
xpression decreases in the tubule anlage except at the tips
hile the cells of the pronephric duct remain strongly Pax-2
ositive (Heller and Brandli, 1997; Carroll et al., 1999b).
Pax-2 expression in the pronephric tubule region was
ncreased and appeared disorganized by injection and acti-
ation of GR-Su(H)VP16 (74% of injected embryos, n 5
33; Fig. 5A). In contrast, posterior duct expression of Pax-2
as diminished, consistent with preceding observations
hat Notch misactivation blocks duct formation. Because
levated Pax-2 expression in the pronephric tubule region
ight indicate an effect on tubule differentiation, we as-
essed tubule architecture with the monoclonal antibody
G8. 3G8 staining, which recognizes a lumenal epitope
eginning at approximately stage 31, was grossly disorga-
ized on the GR-Su(H)VP16-injected sides of dexame-
hasone-treated embryos (68%, n 5 115; Fig. 5A).
In contrast to the effect of GR-Su(H)VP16, the dominant
egative GR-Su(H)DBM did not alter tubule formation (Fig.
5B). It is interesting that although these embryos were not
specifically stained for markers of the pronephric duct,
b-galactosidase-positive cells coalesced and allowed the
duct to be visualized clearly (Fig. 5B), consistent with the
model proposed above that blocking Notch signaling re-
cruits cells to adopt a duct fate.
The apparent lack of an effect of GR-Su(H)DBM on tubule
marker expression suggests that abrogation of endogenous
Notch signaling has either minimal or no direct effects on
tubule differentiation or morphogenesis. It also raises the
possibility that the alterations in tubule morphogenesis in
response to GR-Su(H)VP16 are caused by misactivation of
genes within tubule cells. To investigate this possibility
further, we examined the expression of the Xenopus ortho-
logue of the Wilms’ tumor suppressor gene, Wt-1, which is
ordinarily expressed in the developing glomus and is nor-
mally downregulated in developing tubules by Pax-2 (Mad-
den et al., 1991; Ryan et al., 1995; Dehbi et al., 1996).
The normal elliptical shape of Wt-1 expression is visible
eneath the tubule anlage (ventral to the anterior somites)
n the uninjected sides of embryos. In contrast, injection
nd activation of GR-Su(H)VP16 caused Wt-1 expression to
xpand laterally into the tubule region which normally
xpresses Pax-2 as well as into a more posterior region
83%, n 5 350; Fig. 5A). Similar to what was observed for
ax-2 expression, injection and activation of GR-Su(H)DBM
did not alter Wt-1 expression, as visible by whole-mount in
itu hybridization (data not shown). Taken together, our
ata show that molecular markers of both the tubules and
he glomus and subsequent tubule morphogenesis are af-
ected by activation of Notch signaling. The lack of an
ffect of GR-Su(H)DBM on either tubule or glomus markers
raises the possibility that elevated Pax-2 and Wt-1 and the
later disorganization of the tubules (visualized by 3G8)
observed in response to GR-Su(H)VP16 injection might be
s of reproduction in any form reserved.
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575Notch Signaling in the Pronephric Anlageindirect. Possible direct and indirect effects are discussed
below in light of known interactions between glomus,
tubule, and duct precursor populations.
Activation of Notch Signaling by the Intracellular
Domain of the Notch-1 Receptor Results in an
Increase of Tubule and Glomal Markers and a
Decrease of Duct Markers
The above experiments demonstrated that activation of
Notch signaling with Su(H) altered pronephric patterning.
We wanted to strengthen this observation by testing if an
FIG. 4. Perturbations in Notch signaling cause defects in pro-
nephric duct morphology. GR-Su(H)VP16- (activated) or GR-
Su(H)DBM- (dominant negative) injected embryos were examined by
ither whole-mount in situ hybridization or antibody staining
sing the following markers of duct formation: Lim-1, c-ret, and
A6 epitope. As a control, injected sibling embryos were reared in
he absence of dexamethasone, which resulted in minimal effects
n duct marker expression (no dexamethasone GR-Su(H)DBM-
injected embryos Lim-1 16% n 5 103, 4A6 10% n 5 69, c-ret 16%
5 63; no dexamethasone GR-Su(H)VP16-injected embryos Lim-1
5% n 5 459, 4A6 18% n 5 83, c-ret 15% n 5 82). Injected,
examethasone-treated embryos resulted in dramatic effects on
uct marker expression on the injected side of the embryo com-
ared to the uninjected side (dexamethasone-treated GR-Su(H)DBM
embryos Lim-1 69% n 5 174, 4A6 72% n 5 148, c-ret 53% n 5
03; dexamethasone-treated GR-Su(H)VP16 embryos Lim-1 77%
5 408, 4A6 88% n 5 213, c-ret 73% n 5 261). Fewer than 10%
f uninjected dexamethasone-treated embryos showed asymmetry
f all markers examined comparing the left and right sides of the
mbryo (data not shown). A change (either an increase or decrease)
f molecular markers of the pronephros was determined by visual
nspection of the injected side of the embryo compared to the
ninjected control side of the embryo by two independent investi-
ators.activated Notch-1 receptor would elicit the same response.
Copyright © 2000 by Academic Press. All rights for Su(H), the intracellular domain of Xenopus Notch-1
as expressed as a GR fusion protein. Like activated GR-
u(H)VP16, GR-NotchICD functions downstream of ligand
inding and has been shown to constitutively activate
otch signaling (Wettstein et al., 1997; Rones et al., 2000).
As before, dexamethasone was added between stages 19 and
20 in order to examine the effects of perturbing Notch
signaling after the pronephric field is established. Similar to
GR-Su(H)VP16, GR-NotchICD resulted in a decrease of
molecular markers of the pronephric duct (Lim-1 53% n 5
94, c-ret 42% n 5 67; Fig. 6) and an increase of the
pronephric tubule marker Pax-2 (51% n 5 87; Fig. 6) and
the glomal marker Wt-1 (63% n 5 92; Fig. 6). Thus, the
overexpression of NotchICD, a well-characterized and acti-
vated form of Notch, produced alterations in pronephric
patterning analogous to those observed with the activated
form of Su(H).
DISCUSSION
Notch as a Regulator of Duct Cell Fate
The pronephric field is specified in a region of the
intermediate mesoderm where expression of Pax-8 and
Lim-1 overlaps in a process that likely begins during gas-
trulation and is established by neural plate stages (Carroll
and Vize, 1999). Tubule and duct differentiation follows
several hours later from the dorsoanterior and ventroposte-
rior regions of the early kidney anlage, respectively (Holt-
freter, 1944; Vize et al., 1995). Although these observations
suggested the existence of patterning events necessary to
subdivide the early kidney field, very little is known about
the local cell–cell interactions that regulate duct and tubule
differentiation and morphogenesis. The spatial and tempo-
ral expression patterns of Notch-1, Serrate-1, and Delta-1
(Fig. 1) suggest a role for Notch signaling in this process.
Experimental activation of the Notch pathway by GR-
Su(H)VP16 or GR-NotchICD altered or ablated expression
of the duct markers Lim-1, c-ret, and the duct-specific
antibody, 4A6 (Figs. 3, 4, and 6). In contrast, inhibition of
endogenous Notch signaling by GR-Su(H)DBM elicited the
pposite effects (Figs. 3 and 4) and appeared to recruit cells
o contribute to the developing duct (Figs. 3 and 5B). These
ata, combined with the localization of Notch-1 transcripts
o the tubule region, suggest that endogenous Notch-1
ormally represses duct cell differentiation in the dorsoan-
erior portion of the pronephric anlage where cells are
estined to form tubules.
Activation of GR-Su(H)VP16 or GR-NotchICD increased
xpression (especially in the region of anterior duct, ventral
o somites 5–7) of Pax-2 and Pax-8, both markers of early
tubule precursors (Figs. 5A and 6 and data not shown). This
is consistent with the model that endogenous Notch regu-
lates cell fate in the pronephric anlage. Moreover, it sug-
gests that misactivation of Notch signaling can divert duct
precursors residing in the ventroposterior region of the
pronephric anlage to initiate a tubule program of differen-
s of reproduction in any form reserved.
576 McLaughlin, Rones, and MercolaFIG. 5. Notch signaling affects expression of markers of the tubules and glomus. Markers of either tubules (Pax-2 or 3G8 epitope) or the
glomus (Wt-1) were used to examine the affects of activation or suppression of Notch signaling on kidney organogenesis. (A) The right-hand
column shows lateral views of GR-Su(H)VP16- (activated) injected embryos. The left-hand column shows the expression on the uninjected
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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577Notch Signaling in the Pronephric Anlagetiation. A detailed lineage analysis will be needed to deter-
mine if this is indeed the case. Nonetheless, this interpre-
tation is consistent with the acquisition of secondary fates
upon Notch signaling in other systems, notably during
neurogenesis and gliogenesis (Chitnis and Kintner, 1996;
Wang et al., 1998).
How and when might Notch signaling partition cell fate
in the pronephros? Tubules are believed to be determined
prior to the specification of the pronephric duct (Brennan et
l., 1998) and glomus (Brennan et al., 1999). Moreover, the
initial specification events occur many hours before com-
ponents of the Notch signaling pathway are detectable by in
situ hybridization (Figs. 1B and 1C), as well as prior to the
time the Su(H) or NotchICD constructs are activated by
dexamethasone in our experiments. In addition, the domi-
nant negative GR-Su(H)DBM construct did not affect expres-
ion of the tubule markers examined, indicating that abro-
ation of endogenous Notch activity (after stage 19–20) has
o or minimal effect on tubule differentiation. Therefore,
e favor the model that endogenous Notch signaling is not
equired for tubule specification but, rather, contributes to
he partitioning of pronephric cell fates by repressing duct
ifferentiation within the dorsoanterior region fated to form
ubules. Consequently, misactivation of Notch signaling
by addition of dexamethasone at stages 19–20) might alter
ater tubule development secondarily to its effect on the
ifferentiation of other cells within the pronephros, such as
uct precursors, and/or because of direct effects within
ubule precursors themselves. This latter possibility is
iscussed below.
Notch and Tubule Dysmorphogenesis
Misactivation of Notch signaling by both GR-Su(H)VP16
or GR-NotchICD had striking effects on molecular markers
of the early tubule and glomal cells as well as markers
characteristic of differentiated epithelial tubules (Figs. 5
and 6). Interestingly, the alterations seen upon misactiva-
tion of Notch are reminiscent of pathological conditions
under which Pax-2 is elevated. During normal kidney
development Pax-2 expression is repressed during tubule
maturation (Dressler et al., 1990). The overexpression of
ax-2 in the kidneys of transgenic mouse embryos resulted
n diffuse staining for uvomorulin and laminin in maturing
ubules, although staining in comma- and S-shaped bodies
t the periphery was unaffected, suggesting that Pax-2
side of embryos. The in situ probe Pax-2 and the 3G8 antibody
xpression did not show a normal tubule pattern, but instead wa
imilarly, the injected side of the embryo displayed disorganized 3
ninjected side. The developing glomus was examined using th
ncreased on the GR-Su(H)VP16-injected side of the embryo and in
f a 3G8 (tubule) antibody stained, GR-Su(H)DBM- (dominant negativ
ubule morphology (blue arrow). It is important to note, however, th
rrow) were able to contribute to the region of the developing duct.
Copyright © 2000 by Academic Press. All rightffects later events during epithelial maturation and mor-
hogenesis (Dressler et al., 1993). This suggests that the
ncrease of Pax-2 expression we observed in GR-Su(H)VP16-
njected embryos may be responsible for the diffuse and
isorganized staining with the 3G8 antibody, which recog-
izes a tubule apical–lumenal epitope. Therefore, it is
ossible that chronic activation of Notch signaling could
irectly alter later events necessary for tubule morphogen-
sis by maintaining elevated expression of Pax-2 and Pax-8.
Finally, the increased Pax-2 and Pax-8 seen upon activa-
tion of GR-Su(H)VP16 or GR-NotchICD might contribute
to the elevated Wt-1 expression. Genetic interactions be-
tween Wt-1 and Pax-2 and Pax-8 aid in establishing the
final pattern of expression of tubule- and glomal-specific
genes necessary for normal kidney organogenesis. Pax-2,
Pax-8, and Wt-1 genes have been demonstrated to regulate
one another’s activity (Ryan et al., 1995; Dehbi et al., 1996;
Dehbi and Pelletier, 1996). Moreover,Wt-1 has been shown
in vitro to be a powerful transcriptional suppressor of
several promoters of genes involved in the process of
tubulogenesis, including Pax-2 (Madden et al., 1991; Ryan
et al., 1995). On the other hand, Pax-2 and Pax-8 in
developing tubules have been shown to increase transcrip-
tion of Wt-1 (Dehbi et al., 1996; Dehbi and Pelletier, 1996;
Fraizer et al., 1997). Thus, the misactivation of Notch
signaling in our experiments may promote a state in which
elevated Pax-2 and Pax-8 expand the Wt-1 expression do-
main. This and other possibilities are currently being ex-
amined.
Su(H)-Dependent Pathway
Our perturbation of Notch signaling has been accom-
plished by engaging a Su(H)-dependent pathway. Since
previous work has demonstrated that Notch signaling may
also occur by a Su(H)-independent manner (Shawber et al.,
1996; Matsuno et al., 1997; Nofziger et al., 1999), it is
conceivable that a Su(H)-independent pathway may be
involved in the development of the pronephros. Whether
such a pathway is used during pronephric morphogenesis
remains to be examined. Because components of the Notch
signaling pathway are expressed in a dynamic pattern for a
prolonged period of time during pronephric development, it
is possible that several events during kidney formation are
mediated by signaling through Notch in either a Su(H)-
dependent or Su(H)-independent fashion.
used to examine tubule organization and morphogenesis. Pax-2
panded in the tubule anlage on the injected side of the embryo.
onoclonal staining in the tubule anlage compared to the control
lecular marker Wt-1. The expression of Wt-1 was dramatically
cular was expanded into a more posterior region. (B) A lateral view
ected embryo. Suppression of the Notch pathway results in normal
tra b-galactosidase-positive cells (magenta-gal pink cells and blackwere
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578 McLaughlin, Rones, and MercolaEvolutionary Conservation of the Nephrogenic
Function of Notch
Members of the Notch receptor and ligand families
have been observed in the excretory systems of diverse
FIG. 6. Signaling through NotchICD affects expression of marker
the GR-Su(H)VP16, activation of Notch signaling using an inducible
ret-1) and increased markers of the glomus (Wt-1) and the pronephr
dependent manner. Blue arrows indicate the position of the mi
expression of either the glomal or the tubule marker indicated.species (ranging from flies to humans) as well as in the a
Copyright © 2000 by Academic Press. All rightronephros, mesonephros, and metanephros of verte-
rates. As for a number of genes important for kidney
rganogenesis, such as Pax-2, Pax-8, Wt-1, and the se-
reted protein Wnt-4, the nephrogenic role of Notch
he duct, tubules, and glomus. Similar to the effects observed with
chICD decreased molecular markers of the pronephric duct (Lim-1,
bules (Pax-2) on the injected side of embryos in a dexamethasone-
pronephric duct markers. Black arrows indicate the increaseds of t
Not
ic tuppears particularly well conserved across evolution,
s of reproduction in any form reserved.
A579Notch Signaling in the Pronephric Anlagesuggesting that similar genetic pathways are used to form
nephric tissues.
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